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Activation of phosphatidylcholine-specific phospho-
lipase D (PLD) constitutes an important part of the
cellular response to agonist signaling. PLD1 is stimu-
lated in vitro in a direct and synergistic manner by
protein kinase C (PKC), ADP-ribosylation factor
(ARF) and Rho family members. However, the direct
and specific role of each of these effectors in agonist-
stimulated PLD activation is poorly understood. We
have used transposon mutagenesis to generate a library
of PLD1 alleles containing random pentapeptide inser-
tions. Forty-five alleles were characterized to identify
functionally important regions. Use of an allele unre-
sponsive to PKC, but otherwise seemingly normal, to
examine coupling of PLD1 to a subset of G-protein-
coupled receptors demonstrates for the first time direct
stimulation of PLD1 in vivo by PKC and reveals that
this direct stimulation is unexpectedly critical for PLD1
activation.

Keywords G-protein-coupled receptors/pentapeptide
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Introduction

Phospholipase D (PLD) catalyzes the hydrolysis of phos-
phatidylcholine (PC) to generate phosphatidic acid (PA)
and choline (reviewed in Frohmaet al, 1999). PLD

activity and the production of PA have been implicated
in signal transduction, membrane vesicular trafficking,
cytoskeleton reorganization and cell proliferation
(reviewed in Ktistakis, 1998; Jonest al, 1999). PLD

activity is present in many mammalian cells and tissues

relative importance of each effector class in stimulation
of PLD in vivo, and whether synergy between them is
required, has remained unclear for several reasons. First,
there are multiple types of mammalian PLD activities,
including the cloned and related phosphatidylinositol 4,5-
bisphosphate  (PHpdependent, PC-specific PLD1
(Hammondet al, 1995) and PLD2 (Collewt al., 1997)
enzymes. Secondly, activation of the effectorsvivo is
inextricably intertwined; for example, direct stimulation
of PKC by the diacylglycerol (DAG) analog phorbol ester,
phorbol 12-myristate 13-acetate (PMA), can result in
activation of Rho and ARF (Watanabet al, 1997,
Fensomeet al., 1998), and inhibition of Rho activity can
block PKC activation (Hippenstiadt al., 1998). Thirdly,
the pharmacological inhibitors historically employed to
inhibit each of these effector pathways are now appreciated
to have complex effects on cellular responses. For example,
inhibitors of PKC catalytic activity are quite potent at
blocking PLD1 stimulationin vivo (e.g. Yeo and Exton,
1995; BoyanoAdanezt al, 1997; Min et al, 1998).
However, PLD1 is stimulated through interaction with the
regulatory domain of PKC, the stimulation does not
involve kinase activity, and it is not blocked by these
inhibitorsin vitro (Hammondet al,, 1997; S.M.Hammond
and A.J.Morris, manuscript submitted); thus, ihevivo
inhibition is clearly mediated through unknown indirect
effects on cellular pathways (reviewed in Houle and
Bourgoin, 1999). Inhibition of PKC activation through the
regulatory domain inhibitor calphostin is also quite potent
at blocking PLD stimulation (Miret al., 1998; Mamoon
et al, 1999). However, calphostin is how appreciated to
be an extremely potent direct inhibitor of PLD1 and PLD2
(S.M.Hammond and A.J.Morris, manuscript submitted).
Rho inhibitors (bacterial toxins) decrease the levels of
PIP, (Schmidtet al., 1996; Rumenapgt al., 1998), which
is required as a cofactor for PLD stimulation by any
effector. Finally, PLD inhibition by the ARF inhibitor
Brefeldin A is achieved only at concentrations that cause
profound effects on cellular organization (Meaetial.,
1999).

We have been approaching these issues by attempting

and is upregulated in response to a wide variety of agoniststo develop PLD mutants selectively unresponsive to indi-
that signal through heterotrimeric G-protein-coupled or vidual effectors (Sungt al., 1997, 1999a,b). The molecu-
tyrosine kinase receptors. Receptor stimulation initiates lar cloning of human PLD1 revealed that it exhibited a
multiple signal transduction cascades, ultimately including low basal activity and was stimulated synergistically by
activation of protein kinase C (PKC), ADP-ribosylation conventional PKC (PK@ and {3) and members of the
factor (ARF) and Rho family members. Since these ARF (ARF1-6) and Rho (RhoA, Cdc42 and Rac) families
effectors stimulate downstream effector pathways that in vitro (Hammondet al, 1995, 1997). This led to the
ultimately regulate cellular morphology, proliferation and hypothesis that PLD1 would be involved in one or more
secretion, there has been intense interest in determiningof the downstream cell biological pathways associated
how stimulation of PLD fits into these cascades. with each of these classes of effectors. Furthermore, the
However, despite the consensus that PKC, ARF and synergistic activation of PLD1 by the different classes of
Rho family members directly and potently stimulate PLD effectors suggested that they would be found to interact
(specifically PLD1)in vitro (Hammondet al., 1997), the with and stimulate PLD1 through distinct domains, as has
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since been confirmed (Surgal., 1997, 1999b; Yamazaki 4:5 .

et al, 1999). Deletion of different regions has revealed AN | memea | YT

that the PLD1 N-terminus (amino acids 1-325) is required — — = <= 8.
in vitro for stimulation by PK@, but not for stimulation C D \5‘ ) —_——|

by ARF and Rho (Sunget al, 1999b). However, this Moty [ — 1

deletion also removes domains thought to be important ligate to

for normal functioningin vivo and results in a loss of Old method fresh vector
membrane association, making it unattractive as a tool for ¢ Efaulj.ssiom

investigating signaling pathways. RhoA has been shown _ AW
to interact with PLD1 within the C-terminal 362 amino @ ® L“rfif;g?; (\_J
acids, a large region containing numerous sites required in the cONA (‘—'}3
for catalytic activity (Sunget al., 1997; Yamazaket al., TT- .
1999). Finally, the site conferring ARF stimulation is C:I?) ( )

undefined, although the N-terminus and loop region have | ~—~ = ﬂmise

been ruled out as possibilities (Suagal., 1999b). bk b5l
In this report, we describe a large-scale random muta- T

genesis approach to scan PLD1 for sites required for its 1 cDNA ( ] )

different functional properties and to identify mutants O vactor S

useful for cell biology studies. We report an allele normal AT

in all respects examined save for a complete lack of B transposan \.m_)

response to PKC. Analysis of the behavior of this allele
in some well established G-protein-coupled receptor Sig- Fig. 1. A modified pentapeptide insertional mutagenesis strategy. The
naling pathways suggests that PKC stimulates PLD1 classic PIM scheme (Hayes al, 1997) involves insertion of a

directly and that in order to activate PLD1 significantly 4000 bp bacterial transposon into the target plasmid at random sites

P o i : : ; : (top left), and then excision usirigpnl, which is present at each end
in vivo, this direct stimulation is required. Taken together of the transposon insertion (middle left). Excision results in the

with reports on the role Of. Rho _(SChmi.ét al, 1996), persistence of a 15 nt sequence that consists of GGGGTACCCC
our results suggest that signal integration through both followed by 5 nt duplicated from the insertion site of the host plasmid.
PKC and small G-proteins is required for physiological Regardless of the reading frame, the insertion will encode a glycine

in viv ivation of PLD1 rin ni ianaling. (GGx) and a proline (QCx) residpe. When the insertion occurs after
0 activation o during agonist signaling the second nucleotide in a tyrosine codon, it generates a stop (TAG)

codon. As modified, a cloning step is added, in which cDNAs

Results containing transposon insertions are selected (top right) and ligated to
; . fresh vector (middle right). This results in all of the transposons being

Generation of a library of randomly mutated PLD1 located in the cDNA intended to be targeted.

alleles using a modified pentapeptide insertion

strategy

The PLD1 PIM alleles were assayed for activityvitro

in response to ARF1, RhoA and PiiQo identify regions

of the protein important for enzymatic activity and effector
stimulation (Figure 3A). PLD1 is characterized by regions
that are unique to PLD1 and by regions that are conserved
pamong PLDs from multiple species (reviewed in Frohman
et al, 1999). In three regions, specifically the unique
N-terminus (amino acids 1-98) and loop regions (505—
622), and the conserved PX domain (99-213), relatively
modest or no consequences ensued from the insertions,
with the exception of PIM116 and PIM200, both of which
exhibited decreased activity, and PIM87, which exhibited
a selective loss of response to P&KGn all other regions,

Pentapeptide insertion mutagenesis (PIM) is a method
using transposon insertion and almost reciprocal excision
through which a five amino acid peptide is introduced
randomly into target proteins to induce local changes in
structure (Hayest al.,, 1997). PIM offers several advant-

ages over other mutagenesis methods, including eac
mutant containing precisely one insertion that is easily
located using restriction analysis. In contrast, the frequency
of mutations obtained using PCR-based methods is difficult
to predict and quite variable over the length of a target,
and sequencing the entire target sequence is required.

In our initial experiments>90% of the transposon

integration events occurred in the plasmid backbone. X . X .
Accordingly, the protocol was modified to recover only most insertions resulted in a parallel loss of responsiveness

the plasmids targeted in the cDNA insert (Figure 1). © ARF1, RhoA and PK@, which presumably reflects
Of 111 individually targeted pCGN-hPLD1b plasmids altéred functioning of the basic enzymatic process, since
generated using the modified method, all but three were the effectors stimulate PLD1 at distinct sites in the protein
targeted correctly. The remaining 108 insertions were (Hammondet al, 1997). Western blotting revealed that
located at 69 individual sites, some of which were repres- all aIIeIes_were exp_ressed at easily detectable levels, _ru_llng
ented frequently (putative ‘hot-spots’ for mutagenesis by out protein instability as a cause for the lack of activity
this method). Of the 69 unique integration events, five (Figure 3B and our unpublished data). o

were in the 3 UTR sequence and eight resulted in the Two other PLD1 properties, subcellular localization and

generation of a stop codon (Figure 2). post-tr_anslational r_nodifi_cqtion, were assessed_ in correla-
tion with enzymatic activity. Wild-type PLD1 is mem-
Identification of regions required for PLD1 brane-associated and segregates on SDS-PAGE as a
activation, membrane localization and protein doublet as a result of an unknown post-translational
modification using PIM analysis modification (Figure 3B, WT pellet lane; Suref al,

A set of 45 well distributed alleles were chosen, with the 1997; Manifaveet al,, 1999). All alleles that separated as
longest region left uninterrupted 83 amino acids in length. a doublet (as opposed to the appearance of the lower
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Fig. 2. Distribution of PLD1 PIMs. The protein sequence of PLD1b is shown, along with the sites at which insertions were found. PLD1b was used
for this insertional mutagenesis study, but to maintain consistency with previous publications (Haeinadnd995, 1997), the numbering for

PLDla is used. PLD1a and PLD1b differ in that PLD1a contains an extra 38 amino acid exon inserted at N585 (arrow) but the isoforms are
identical with respect to their regulation (Hammoeidal., 1997) and subcellular localization (Todaal., 1999). Key domains in PLD1 are

underlined. The PIMs are indicated by the amino acid residue number after which the insertion occurs. Multiple insertions at the same site are
indicated by ‘a’ or ‘b’. * indicates a stop codon introduced by the insertion. CR, conserved region; PX, phox; PH, pleckstrin homology domain.

band only) were also predominantly membrane-associateda doublet are not strictly required for enzymatic activity
(Figure 3B and our unpublished data). In contrast, the in vitro, nor do they necessarily signify active protein.
majority (e.g. PIM256, 699, but not all, e.g. PIM200) of There were two major regions in which insertion of
the alleles that electrophoresed as a single band exhibitedoentapeptides resulted in altered localization: amino acids
partial redistribution to the cytosol. Although appearance 200-470 and 699-960. A PH domain and half of the
of the doublet/membrane localization correlated with catalytic site lie within the first region, and a motif that
PLD1 activityin vitro (Figure 3A), several alleles localized may interact with the PC substrate, the other half of the
normally but were inactive (e.g. PIM705), and several catalytic site and the PjHnteracting site (Sciorrat al.,
active alleles exhibited redistribution and electrophoresed 1999) are in the second.

as asinglet (e.g. PIM810), similar to a previously described The assay presently in wide use for measuring PLD
N-terminally truncated PLD1 mutantA{-325) that is activity in vitro (Brown et al., 1993) was developed and
responsive to ARF1 and RhoA (Surgf al, 1999b). optimized for wild-type PLD1 as a model for its regulated
Thus, predominant membrane association and the post-activity in vivo. To confirm that thein vitro activity
translational modification that results in the migration as observed for the PIM alleles reflected their behavior
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Fig. 3. (A) Effector activation and membrane association scanning analysis of the PLD1 PIMs. Lysates from each PIM overexpressed in COS-7 cells
were stimulated with activated ARF1, RhoA and RIKO'heir PLD activities were assessed using itheitro head-group release assay and then
compared with the activities exhibited by wild-type PLD1 and PLD1-K898R, a catalytically inactive allele €8ahg1997), which defined the

100 and 0% activities, respectively. The basal and stimulated activities observed for cells overexpressing PLD1-K898R were not significantly
different from those observed for cells transfected with the expression plasmid for Gbx-2, an irrelevant protein, or the empty vector, as reported
previously (Sunget al, 1997, 1999a,b). Each PIM was assayed in duplicate a minimum of two times. The variability between duplicates averaged
3%. The inter-assay variability was higher (~10%) due to small differences in transfection efficiency for individual plasmids in the separate
experiments. Activities within 10% of the PLD1-K898R negative control were frequently not reproducibly significant above background. Membrane
localization was assessed as described below. PIMs exhibiting wild-type membrane localization and modification are denoted by thick underlining.
The relative position of each PIM is indicated by a small circle underneath the bar figure, which depicts boxes representing the conserved domains
and unique features of PLD1. CT, C-terminus; la, Ib, Il, lll, IV, conserved regions;, PP, binding site. Underneath the bar figure are brackets
indicating the regions previously reported to be involved in RK&hd Rho activation.§) Western analysis of wild-type and mutant proteins after

fractionations. COS-7 cell lysates were centrifuged at 3098 30 min to

separate the membrane associated pellet (P) from the cytosolic

supernatant (S). The recombinant proteins were detected using a monoclonal antibody (3F10) directed against the HA-epitope tag that was fused to
the N-terminus of PLD1, as described previously (Hammenadl, 1995; Colleyet al., 1997). PLD1 migrates as a doublet at ~120 kDa.
WT, wild-type PLD1; ‘', untransfected COS-7 cells. The data shown are representative of four experiments.

in vivo, we used as a simple test, PMA stimulation of
cells to activate PKC, which then in turn stimulates PLD1.
All of the PIM alleles when overexpressed in HEK293
cells exhibited responses vivo to PMA over a 30 min
time period that paralleled their responsis vitro to
activated PKC (our unpublished data), except for PIM116,
which was more activén vivo (~40% as active as wild-
type PLD1).

PIM87 is non-responsive to PKCo: and -f3 in vitro

but otherwise similar to wild-type PLD1

PIM87 did not respond to PK in vitro when over-
expressed and assayed in COS-7 cell lysates (Figure 3A)
To characterize this further, we purified PIM87 and re-
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examined its response vitro to each PLD effector
(Figure 4). PIM87 was expressed in sf9 insect cells at
levels similar to wild-type PLD1 and was membrane-
associated (our unpublished data). Using the effectors at
their maximally stimulating concentrations, we found that
within the limits of accuracy (~5%) and sensitivity (~2%)
of the assay, PIM87 and wild-type PLD1 respond similarly
to RhoA and ARF1, but PIM87 is not stimulated by
PKC3 (or PKCa, data not shown). Dose-response curves
were generated using ARF1 and P&KCARF1 stimulated
PIM87 and PLD1 with similar efficacies, whereas RKC
at >10-fold above the amount required to minimally

stimulate wild-type PLD1 failed to activate PIM87 (data

not shown). Finally, synergistic stimulation of PLD1 and
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Fig. 4. PIM87 is selectively non-responsive to PHCWild-type — ] . —
PLD1 and PIM87 were expressed in sf9 cells using the baculoviral 5 0.4 DWT-PLD1 l
system and immunopurified as described previously (Hamnedrad, ﬁ mK898R
1997). PLD activation was determined using the head-group release = oOPIMB7
assay in the presence of maximally effective concentrations of ARF1, ﬁ 0.3 1
RhoA and PKCB alone or in combination. Samples were assayed in S I
triplicate and a representative of three experiments is shown. il ,0'\ 1&%\
©021 & F

PIM87 by ARF1, RhoA and PK@ was addressed. & &
Whereas PK@@ synergized with ARF1 and RhoA to = 0.1
increase activity of wild-type PLD1 by 3- to 3.6-fold over o
ARF1 or RhoA alone (Figure 4, left panel), no such &
synergistic increase was observed for PIM87 (right panel). &~ g L
Synergistic stimulation of wild-type PLD1 and PIM87 by EMPLY  Wild-Type RhoA  RhoAVall4
ARF and Rho was comparable (~3-fold), and an additional Vector

2-fold increase was observed with the addition of PBC- _
Fig. 5. PLD1-PIM87 does not respond to PMA but can be activated

for Wlld-typ_e PLD1, but nOF for PIM87. Th!JS., PKQ in vivo by RhoA. (A) HEK293 cells overexpressing wild-type PLD1,
does not stimulate PIM87 directly, or synergistically in  p| p1-kg98R or PIM87 were stimulated with PMA for the times
combination with ARF and/or Rho. indicated and assayed for PLD (transphosphatidylation) activity

in vivo. (B) HEK293 cells co-transfected with wild-type PLD1, PLD1-

PIM87 is non-responsive to PMA in vivo but K898R or PIM87 and wild-type RhoA or dominant-active RIY&A*
were assayeth vivo for PLD activity for 30 min. The data shown are

otherylllse SImlIar_ t‘? wild-type PLD1_ . from one of three experiments performed in triplicate with similar

The simplest prediction for the behavior of PIM87vitvo results.

would be to expectit to fail to respond to PMA stimulation,

and this was observed after overexpression in HEK293

cells (Figure 5A). An alternative explanation would be overexpressed Rho is in the active form and membrane-
that it is simply not activan vivo. However, this is not  associated, leading to a greater stimulation of PLD1.
the case, as was found by examining the PIM87 response taSimilar levels of activation are observed when wild-type
RhoA: overexpression of wild-type PLD1 in unstimulated or dominant-active RhoA are co-expressed with PIM87
cells does not result in increased PLD activity in HEK293 (Figure 5B), leading to the conclusion that PIM87 is
cells compared with overexpression of the catalytically capable of being activateth vivo and it responds to
inactive PLD1-K898R (e.g. Figure 5A, 0 and 15 min basal stimulation by RhoA with similar efficiency to wild-type
samples, Figure 5B), reflecting the low intrinsic basal PLD1. It is likely that PIM87 also responds normally
activity for the enzyme and a lack of detectable activation in vivo to ARF, although this is difficult to demonstrate
by any endogenous factor. In contrast, co-transfection of since co-expression of PLD1 and dominant-active ARF
wild-type PLD1 and wild-type RhoA results in a 2- to 2.5- does not result in PLD1 stimulation (Pagk al., 1997).

fold increase in PLD1 activity relative to co-transfection of PLD1 localizes to peri-nuclear vesicular structures
PLD1-K898R and wild-type RhoA (Figure 5B). This (Colley et al, 1997; Todaet al., 1999). The subcellular
presumably reflects an increase in cellular RhoA, some localization of PIM87 in COS-7 cells as determined using
of which becomes GTP-loaded, membrane-associated andmmunohistochemistry was found to be indistinguishable
accordingly able to stimulate PLD1 to a modest extent. from that of wild-type PLD1 (our unpublished data).
Although less dramatic than the response to PMA, the PIM87 was also expressed at wild-type levels and elec-
stimulation is significant, reproducible and consistent with trophoresed as a doublet on SDS—PAGE similar to wild-
prior reports (Parlet al, 1997). A more dramatic stimula- type PLD1 (Figure 3B).

tion is observed for co-expression of PLD1 and (dominant-  Taken together, these results demonstrate that PIM87
active) RhoA#14 which results in a 4-fold stimulation is unresponsive to PKC but wild-type in all other known
of PLD activity. This reflects the fact that all of the respects and that it represents a unique tool with which
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A 38, CO5-7 cells et al, 1997). In contrast, PIM87 exhibited absolutely no
o oWT-PLD elevation of activity over the inactive PLD1-K898R control
8 51 mKE98R during the first 2 min (Figure 6A) and responded only
~ oFIM87 modestly at the 15 min time point (Figure 6B). This result
E _ indicates that there is a qualitative difference in the
= 4 : responses of wild-type PLD1 and PIM87, suggesting that
g the dramatic rapid activation characteristic of wild-type
T 5 PLD in this and many other settings is due to the direct
a stimulation of PLD by PKC. One obvious route for the

delayed response of PIM87 would be through ARF or
PMA == i B Rho secondarily activated by PMA stimulation (Watanabe
Butanol | || | | et al, 1997; Fensomet al., 1998).
005 o 1 0 1.5 0 2
mindtes Dissection of G-protein-coupled receptor signaling
B in HEK293 cells using PIM87

| COS-7 cells WT-PLD1 Having established that PIM87 appears to behave normally
P in vivo except for its lack of direct response to PKC, we
3 next examined the requirement for direct stimulation
2 304 of PLD1 by PKC during agonist stimulation through
= G-protein-coupled receptors. Carbachol stimulation of the
a3 ml and m3 muscarinic receptors results in immediate
5 201 PIMB7 activation and translocation of PKC, Rho and ARF

& (Rumenappet al,, 1995; Kelleret al., 1997), and stimula-

I KB98R tion of endogenous PLD (BoyanoAdaner al., 1997).
101 m1l muscarinic receptor stimulation of PLD has been
reported to be abrogated by inhibitors of PKC

(BoyanoAdanezet al, 1997; Mamoonet al, 1999),

ori ; S S although as discussed above, these experiments do not

PMA 0 min 2 min > min 15 min address the direct stimulation of PLD1 by PKC. Moreover,

Fig. 6. PIM87 is modestly stimulated by PKC through an indirect one of the most widely used PKC catalytic inhibitors,

pathway in COS-7 cellsA) COS-7 cells overexpressing wild-type bisindolylmaleimide, actually binds directly to muscarinic

PLD1, PLD1-K898R or PIM87 were stimulated with PMA. Butanol receptors and inhibits them (Lazareebal., 1998).

was added at 30 s intervals to different dishes and lipids were . .
extracted for TLC analysis 30 s after the addition of the butanol. Carbachol stimulation of HEK293 cells co-transfected

(B) PMA and butanol were added at time 0 and lipids extracted at the With wild-type PLD1 and the ml muscarinic receptor
times indicated for analysis. *PMA was not added to the 0 time point  resulted in a 6-fold increase in PLD activity vivo above
samples, but they were exposed to butanol for 15 min. An experiment  that observed for PLD1 or the m1 receptor alone, or the m1
performed in triplicate representative of four is shown. receptor co-transfected with PLD1-K898R (Figure 7A).
PIM87 is stimulated in this setting only minimally (6%),
the role of PKC in agonist-activated PLD signaling can barely reaching levels of significance in the assay. This

be studied. result suggests that virtually no PLD1 stimulation is
observed unless there is a direct stimulation by PKC, even

Indirect stimulation of PIM87 by PKC in COS-7 though Rho and ARF are activated in this setting. This

cells type of analysis was also performed to examine m3

The degree to which inhibitors of PKC catalytic activity muscarinic and bombesin receptor signaling to PLD1
block PLD stimulation varies with the agonist and cell (Figure 7B). The bombesin receptor has been reported to
line studied (BoyanoAdaneat al., 1997), suggesting that stimulate PLD both through PKC-dependent and
the indirect mechanism activated by PKC varies in potency PKC-independent pathways (Briscat al, 1995; Hou
in different settings (reviewed in Houle and Bourgoin, et al, 1998) with the usual caveats, whereas a critical role
1999). In preliminary experiments we found a small for Rho has been documented for the m3 muscarinic
response in COS-7 cells for PIM87 to PMA (10-30% of receptor (Schmidet al., 1996, 1998). The tabulated and
the wild-type PLD1 response, our unpublished data), summarized results for the muscarinic and bombesin
suggesting that the indirect pathway might be more easily receptors were strikingly similar (Figure 7B); significant
observed in this cell line. but only very small responses were observed for PIM87,
We explored this by examining in detail the response suggesting that direct stimulation of PLD1 by PKC plays
of PIM87 expressed in COS-7 cells to PMA. The temporal a vital role in PLD1 activation via G-protein-coupled
response of endogenous PLD to PMA or agonists in many receptor signaling.
cell lines is extremely rapid and levels of PLD activity
are highest during the first few minutes of stimulation. Synergism between Rho and PKC pathways in
Wild-type PLD1 overexpressed in COS-7 cells behaves PLD stimulation
similarly to the kinetics reported for endogenous PLD, in Our finding that direct PKC stimulation appears to be
that the most dramatic level of activity is observed during critical for effective PLD1 activation via the m3 muscarinic
the first 30 s (Figure 6A), although the enzyme continues receptor was not necessarily contradictory to prior reports
to be active for at least an hour (Figure 6B and Colley concerning Rho in this setting, since it is possible that
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Fig. 7. PLD activation by G-protein-coupled receptors required direct
stimulation by PK@:. (A) HEK293 cells co-transfected with the m1
muscarinic receptor and PLD1 alleles as indicated were stimulated
with 100 uM carbachol for 30 min. PLDn vivo assays were

performed in triplicate. The data shown are representative of two
similar experiments. The percentage activation of PIM87 was
calculated by subtracting the basal activity of PIM87 and the agonist-
dependent increase of K898R (which represents the activation of
endogenous PLD) from the agonist-activated PIM87 sample, and
comparing this value with the agonist-activated wild-type PLD1
sample treated similarlyB]) Average agonist-stimulated activation of
PIM87 when co-transfected with the m1 muscarinic, m3 muscarinic or
bombesin receptors. The experiments were conducted in triplicate and
the values shown represent the average of three experiments.

(C) Triple transfection of PLD1 alleles, RhoA alleles and the m3
muscarinic receptor. One experiment representative of three is shown.
Western blot analysis of control transfection dishes was used to
confirm that the wild-type and mutant Rho and PLD proteins were
expressed to similar levels (data not shown).

Rho and PKC synergizen vivo as well asin vitro and
thus are both required for effective stimulatiom vivo.

To explore this issue, we carried out triple-transfections
in HEK293 cells using the m3 muscarinic receptor, wild-
type or constitutively active RhoA and the PLD1 wild-
type or mutant alleles. As shown earlier in the right panel
of Figure 5B, and now in the left panel of Figure 7C
(light gray bars), transfection of wild-type PLD1 and
PIM87 with RhoA?14 |eads to increased PLD1 activity

PLD coupling to PKC

tion (dark gray bars), a very small increase in activity
potentially due to endogenous PLD stimulation is observed
in cells transfected with PLD1-K898R, an increase of
comparable magnitude is observed for PIM87, and a much
larger increase is observed for wild-type PLD1. These
results demonstrate that when constitutively active RhoA
is present in the cells in excess, no further activation of
PIM87 (or, presumably, wild-type PLD1) can be achieved
through agonist-stimulated Rho pathways. The results
therefore suggest that the increase in activity observed for
wild-type PLD1 is accomplished through direct stimulation
by activated PKC.

In contrast, when the experiment is carried out using
wild-type Rho (Figure 7C, right panel), an agonist-specific
response for PIM87 is observed, although it is smaller
than that observed for wild-type PLD1. We interpret this
to suggest that when wild-type RhoA is present in the cell
in excess, further activation of PIM87 and wild-type PLD1
can be achieved via Rho-stimulated pathways, through
the receptor-driven activation and recruitment of RhoA to
membranes. A much larger increase is seen though when
the PLD1 is capable of responding both to RhoA and
PKC. These results, taken together with prior work on the
role of Rho in this setting, indicate that response of PLD1
to G-protein-coupled receptor signaling as explored here
requires participation of both RhoA and PKC to achieve
maximal levels of activation.

Discussion

A PLD1 pentapeptide insertional mutant library

In this report, we describe the use of a modified transposon
pentapeptide mutagenesis scheme to generate a library of
alleles of human PLD1b. The set of alleles and
C-terminally deleted protein fragments generated should
be useful for mapping regions of PLD1 involved in
modifications such as phosphorylation (reviewed in Houle
and Bourgoin, 1999) and palmitoylation (Manifagtal.,
1999), or interactions such as with RhoA (Suepal.,
1997; Yamazaket al., 1999), PK@ (Sunget al., 1999b)
and inhibitors of PLD1 (Leet al., 1997). The mutational
approach successfully uncovered an allele that is select-
ively non-responsive to PKe&Cand f but did not identify
alleles selectively unresponsive to ARF or Rho. This may
signify that the ARF and Rho binding sites are located
close to regions required for catalytic activity. Little is
known about the ARF-interacting site, except that it is
not in the N-terminus or in the loop (Sureg al., 1999b).
The Rho-interacting site is in the C-terminus as defined
by two-hybrid analysis (Sunget al, 1997; Yamazaki

et al, 1999), and C-terminal fragments of several of the
C-terminal PIMs fail to interact with RhoA* in this
assay (Y.M.Altshuller, M.Yamazaki, Y.Zhang, Y.Kanaho
and M.A.Frohman, manuscript in preparation), but all of
these PIMs are largely or completely enzymatically inact-
ive. It is most likely that other, more subtle methods will
be required to generate RhoA- or ARF-selectively non-
responsive alleles.

Regions of PLD1 involved in enzymatic activity
and membrane association
We had previously reported a number of findings based

in the absence of agonist stimulation. With agonist stimula- on deletion analysis of PLD1 (Sureg al.,, 1999b). First,
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the N-terminus (amino acids 1-325, which contain the deletion mutantis active (Surgal., 1999b); and secondly,
PX and PH domains) was not required for enzymatic interaction with PIRis not required for membrane associ-
activity, because PLDI1-325) could be stimulated ation of PLD2 (Sciorreet al., 1999), but redistribution is

in vitro by RhoA and ARF1 (although not by PKG. observed for PIM699, which inserted into the region
Secondly, the loop region was dispensable because itthat interacts with PIf? Thus, our results suggest that
could be removed with only minor changes to the known misalignment of any of the membrane interacting regions
properties of the enzyme. Thirdly, a free C-terminus was may result in aberrant interaction of the entire protein
critical, since appending epitope tags to it or making small with the membrane surface and subsequently the catalytic

truncations rendered PLD1 inactive.

The PIM mutant analysis extends these results. First,

the region containing the first 200 amino acids, which
includes the PX domain, is not important for the properties

site to fail to engage its membrane lipid substrate correctly
(e.g. at an acceptable orientation and depth relative to the
membrane surface).

we assayed, with the exception of the site targeted by Generation of a PKC-non-responsive PLD1 allele

PIM87 that results in a PKC-non-responsive allele. The
N-terminal region, particularly the PX domain, may play
arolein vivoin interaction with membrane vesicle proteins
(reviewed in Frohmaset al., 1999) or some other behavior
that we have not yet examined. Secondly, not only is the
loop region not important, but its internal structure is not
harmful when disrupted, suggesting that this region of
the protein is spatially dissociated from the catalytic,

We report here the identification of a selectively activated
PLD1 useful forin vivo studies. The previous PKC-non-
responsive allele reported, PLIXI-325), was cytosolic
in location (Figure 3B) and seemingly inactive vivo,
which made it unattractive foin vivo experimentation
(Sunget al, 1999b). PIM87 is normal in every respect
examined except for its lack of response to direct PKC
stimulation. It should be noted though that we can not

membrane- and effector-interacting sites. The loop region rule out the possibility that unknown indireict vivo PKC

may also play some important role vivo that has not

stimulatory pathways might also be affected by the PIM87

yet been identified, although little evidence presently exists mutation. The structural change underlying the lack of

to support this. Finally, the C-terminus was again found
to be highly sensitive to modification. Even pentapeptide
insertions at three or six amino acids from the C-terminal
end of the protein (PIM1068 and 1071) resulted in inactive
protein, compared with less distal PIMs (e.g. PIM1027).

We had previously proposed that the C-terminus was
not involved in membrane localization (Suetgl.,, 1999a),
and the PIM findings support this. PIMs 1027-1071 were
membrane-localized and post-translationally modified
similarly to wild-type PLD1, even though they were not
enzymatically active, suggesting that the function of this
region is involved in promoting catalysis or effector
stimulation. Since this region is conserved (Sweigal.,
1999a) in mammalian PLD1 and PLD2, both of which
can be activated by effectors, but not in yeast PLD, which
is PIR-dependent but otherwise constitutively active (Rose
et al, 1995), we presently prefer the hypothesis that it is
involved in effector stimulation.

In contrast to the C-terminal PIMs, two regions of the

response of PIM87 to PKC is not readily apparent. After
identifying PIM87, we generated several point mutants at
or near amino acid 87, converting charged residues to
non-charged residues, or changing small non-polar amino
acids to proline, since the pentapeptide inserted contained
a proline that would break the-helix covering this site.
However, none of the point mutations resulted in a
PKC-non-responsive PLD, so it does not appear likely
that the local region is literally part of the PKC-interaction
site. Supporting this speculation, secondary structure ana-
lysis programs suggest that the region surrounding amino
acid 87 is not on the surface of the protein.

The interaction of PKC with PLD1 versus the stimula-
tion of PLD1 by PKC is not well understood. Stimulation
involves the regulatory domain of PKC (Singgal., 1996;
S.M.Hammond and A.J.Morris, manuscript submitted).
Physical contacts are most likely to involve the PKC
catalytic and regulatory domains interacting with PLD1
both within and outside the N-terminal 325 amino acid

protein (amino acids 200-470 and 699-960) contained aregion (Sunget al, 1999b). Accordingly, the PIM87

large number of PIMs that were inactive and exhibited
partial redistribution from the membrane/cytoskeleton to
the cytosol. Similar partial redistribution was reported
previously for the inactive PLD1-S911A allele, which
affects palmitoylation (Manifavaet al, 1999). Taken

mutation is most likely to affect PLD1 stimulation by
PKC through a subtle change to the protein structure at a
site remote from amino acid 87, but this does not necessar-
ily signify a loss of physical association between PLD1
and PKC. In examination of this issue, we have been

together, these results suggest as one possibility that PLD1unable to detect a difference in association of wild-type

subcellular localization is complex, and only part of it (e.qg.

membrane-associated but not cytoskeletal- or receptor-

associated PLD1) is affected by the PIM mutations. The
regions that have an effect include the PH domain, region
I, both parts of the split-catalytic site (regions Il and 1V),
the PIB-interaction site and region Il (which has been
proposed to interact with the choline head-group of PC;
Sung et al, 1997). All of these regions are likely to

PLD1 or PIM87 with PK@ (our unpublished data).

Analysis of signaling using a PKC-non-responsive

PLD1 allele

Our results (Figure 7) suggest that direct activation by
PKC plays a vital role in the stimulation of PLD1 during
agonist signaling. This is the first study to address this
issue using a genetic tool instead of pharmacological

interact with the membrane surface, and our results suggesinhibitors. Accordingly, this is the first time in which the

that disruption of any of the regions interferes with overall

role of PKC in PLD stimulation has been examined

membrane association and activity. Two points are worth without the confounding factor of all of the other cellular

noting: first, the normal localization and the PH domain
are not required for activity, since the PLIAN325)
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above it is now clear that the inhibitors used to inhibit Ham's F10 media] and LipofectAmine PLUS were from Gibco-BRL
PKC are not adequate for addressing the issue of PLD (Gaithersburg, MD). Anti-mouse 1gG from goat conjugated with
o . ; . . horseradish peroxidase was from Jackson ImmunoResearch Laboratories,
activation. First, .sm_ce PKC acnyatgs PLD1 through its Inc. (West Grove, PA). PR carbachol and PMA were from Sigma (St
regulatory domain in a nucleotide-independent manner Louis, MO), all the other lipids were from Avanti Polar Lipids (Alabaster,
(Hammondet al., 1997), catalytic inhibitors of PKC work  AL). Bombesin was from Calbiochem (La Jolla, CA). All other reagents
in some manner different from blocking direct PLD1 Were of analytical grade unless otherwise specified.
stimulation by PKC (Houle and Bourgoin, 1999). SeC-  pjasmids and bacteria strains
ondly, the widely used regulatory PKC inhibitor calphostin  wild-type and mutant PLD1 coding sequences were cloned into the
is also useless in this setting, since it is as potent an mammalian expression vector pCGN, which contains a CMV promoter
inhibitor of PLD activity as it is of PKC activation  and encodes an N-terminal appended HA-epitope tag (Hamrebakl

. . . 1995). Before carrying out the transposon insertion mutagenesis protocol,
(S-M-Hammond and A.J.Morris, manuscript SmeltIEd)' the soleKpnl site present in pCGN-hPLD1b was destroyed by altering

Thirdly, most inhibitors are eventually recognized not to 4 wobble codon using site-directed mutagenesis. This plasmid, denoted
be as selective as initially reported. Calphostin is one pCGN-hPLD1-K, was used as the wild-type control for all of the
example. Bisindolylmaleimide, which has been widely experiments reported herein. Plasmid pCD-PS hm3, which encodes the
used as a PKC inhibitor but is now appreciated to m3 muscarinic acetylcholine receptor, was kindly provided by Dr Martina
N o . . Schmidt. The m1 muscarinic receptor and bombesin receptor plasmids
inhibit muscarinic receptors directly, is another (Lazareno yere obtained from Onyx (Bradenton, FL). pEF-BOS-HA-RhoA and
et al., 1998). PEF-BOS-HA-RhoX™were kindly provided by Dr Yasunori Kanaho.
Rho signaling has been proposed to play a vital role in Pentap_eptide mutagenesis bacterial strains and plasmids were kind gifts
PLD signaling (Rumenapet al, 1998). Much of this  ©f Dr Finbarr Hayes.
work involves bacterial protein toxin inhibitors and has pentapeptide insertion mutagenesis
recently been shown to be problematic, in part becauseThe pentapeptide scanning mutagenesis was performed as published
Rho has many vital downstream effector pathways that (Hayeset al-vllg‘éﬂ()j with éhe ll‘ol!owing mczjdification- ﬁ EOOII’IOf PLD1
indi ; ; expression plasmids randomly interrupted once each by the transposon
mdlrECtIy affect PLD stimulation by. any effeCtpr' . F_Ot’ an4)143(125 vEere generated by co—tranpsformation of pCGN—hPLD’.LF—)K
example, a”d, one of the mOSt serious, Rho inhibitors and the transposon encoding plasmid pHT385 followed by a mass
block synthesis of PIP(Schmidtet al., 1996; Rumenapp  plasmid preparation from ~6000 bacterial colonies containing resolved
et al, 1998), which is a co-factor required for PLD1 to plasmids. The plasmid pool was restricted usitigd and Xmd, which
be active (Hammonet al, 1995). We found that PIM87 released the PLD1 cDNA from pCGN. The DNA fragments were then

_ofi . electrophoresed to separate hPLD1 cDNAs containing transposons (7 kb)
does respond to RhoA under non-stimulated conditions = wild-type hPLD1 (3 kb), wild-type pCGN (5 kb) and pCGN

(F@gure 5B) and in the setting of agonist Stimulati(?n containing transposons (9 kb). The hPLD1-transposon fragments were
(Figure 7C), although we can not presently determine isolated, re-cloned into fresh pCGN at th¢ba and Xmd sites,
whether this response is direct or indirect (for example, transformed into XL1-blue bacterial cells, and harvested to generate a
through Rho kinase; Schmidit al, 1999). Addressing new pool of plasmids. Finally, the transposons were excised by restricting
hat i il ) Rho-i . PLbl llel the plasmid pool withKpnl, which releases the transposon but leaves
that issue will require o-insensitive nind alle e_S' . behind a residual of 15 bp, recircularized, transformed into XL1-blue
Regardless of whether the response is direct or indirect, and recovered as single colonies for subsequent characterization.
however, it is likely that RhoA synergizes with PKC to I ul focti
stimulate PLD1 invivo, raising the question of why these ~ ¢ell eulture and transfections o .

. . COS-7 and HEK293 cells were maintained in complete media
pathwgys converge ultimately to generate increased levelsippem with 10% fetal bovine serum (FBS), 100 U/ml penicillin and
of PA in perinuclear membranes and vesicles through the 100 mg/mi streptomycin] in a humidified atmosphere containing 5% CO
action of PLD1. Rho has also been proposed to synergizeat 37°C. Transient transfections using LipofectAmine or LipofectAmine
with ARE in stimulating PLD during fMLP signaling PLUS were carrle(_j out as described previously (Hammetral., 1995;
(Fensome et al, 1998) and muscarinic signaling CONeYetal 1997; Sungtal, 1997, 1999b).

(Rumenappet al, 1995), suggesting that full PLD1  PLD activity assays

activation may come about only when all three classes of PLD activity assays were carried out using theitro head-group release

effectors coincide, although there are other reports that assayforaSO mintime perlod_anduheylvotl_'ansphosphatldylatlon assay

have failed to demonstrgte a role for ARE p(MeaCCi (Morris et al,, 1997) as previously described (Hammoeldal., 1995;

Colley et al, 1997; Sunget al, 1997, 1999b). Recombinant ARF1,

et al,, 1999). RhoA and PK@ and f were purified and activated using 5M
Finally, we have only examined several examples of GTPS or 100 nM PMA as previously described (Hammadl, 1997;

G-protein-coupled PLD1 signaling ina single type of cell. Liang and Kornfeld, 1997). ATP was not present in the assay when PKC

A more extensive survey of receptors and cells, and in & Used:

particular, examination of the role of PKC in receptor Western blotting and subcellular fractionation

tyrosine kinase signaling, will be required to generalize Recombinant protein was visualized by ECL Western blotting analysis
the findinas reported here. using the aptl-HA-tag monoclonal antibodies _1ZCA5 or 3F10 as previ-
9 P ously described (Sungt al., 1997). The relative amounts of protein
expressed are difficult to quantitate because PLD1 has a tendency to
become trapped at the interface between the stacking and resolving gels

Materials and methods to a variable extent (Hammonét al, 1997). For the subcellular
fractionation, COS-7 cell lysates were centrifuged at 3§G0or 5 min
General reagents at 4°C to remove nuclei and unbroken cells and then the supernatant

[*H]dipalmitoyl phosphatidylcholine [choline-meth3H] ([*H]PC) was was further centrifuged at 30 0Gfor 30 min at 4°C. The supernatant
obtained from NEN Life Science Products (Boston, MA), and palmitic was collected as the cytoplasmic fraction, and the pellet resuspended
acid [9,10-3H(N)] was obtained from American Radiolabeled Chemicals, into the equivalent volume of loading buffer by sonication as the
Inc. (St Louis, MO). GTKS and anti-HA monoclonal antibody (clone  membrane fraction.

12CA5) were purchased from Roche (Indianapolis, IN). Thin layer

chromatography (TLC) plates (LK5DF silica gel 150A or K6 silica gel  Baculovirus expression of PLD proteins

60A) were obtained from Fisher (Pittsburgh, PA). All cell culture media The recombinant baculovirus harboring the PLD1 wild-type and mutant
[i.e. Dulbecco’s modified Eagle’s medium (DMEM), Opti-MEM-1 and  cDNAs was generated, selected and propagated using standard methods,
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and PLD1 proteins or membranes containing the PLD1 proteins were Mamoon,A.M., Smith,J., Baker,J. and Farley,J.M. (1999) Activation of

prepared as described previously (Hammenal., 1995, 1997). muscarinic receptors in porcine airway smooth muscle elicits a
transient increase in phospholipase D activily. Biomed. Sci.6,
97-105.
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